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a b s t r a c t
The development of third generation Solid Oxide Fuel Cells (SOFC) with metallic mechanical supports
presents several advantages over that of ceramic stacks by offering a lower cost and longer lifetime of the
stacks. As a consequence, it is necessary to prepare metallic porous compacts that remain stable at the
operating temperature of the SOFC (700–800 C) under reductive atmosphere. This paper presents an
innovative process to elaborate iron, nickel and cobalt porous compacts. The process is based on the
thermal decomposition of metal oxalate precursors with controlled morphology into metallic powders
with coralline shape. Uniaxial compaction of such powders (without binder addition to the powders)
under low uniaxial pressures (rising from 20 to 100 MPa) gave rise to green compacts with high porosity
and good mechanical properties. After annealing at 800 C under H2 atmosphere, the compacts still
present interconnected porosity high enough to allow sufficient gas flow to feed a SOFC single cell in
hydrogen: the porosity rises from 25 to 50% for iron compacts, from 20 to 50% for cobalt compacts, and is
higher than 40% for nickel compacts. Results from physicochemical characterization (XRD, SEM, gas
permeation, Hg porosimetry) corroborated the process for SOFC application.
1. Introduction
The development of SOFC technology has been made in several
steps, mainly driven by the aim to reduce the cost of the elementary
cell. A planar configuration has been considered first with elec-
trolyte mechanical support (1st generation – 1G SOFC): a high
temperature (>1000 C) is required to ensure sufficient ionic
conductivity in the electrolyte (Yttria Stabilized Zirconia, most
common electrolyte material) of great thickness (about several
hundreds of micrometers). Due to this problem, the electrolyte
thickness has then been reduced to 10–50 mm in the second
generation (2G) of planar SOFC in order to allow a lower operating
temperature (800 C). Recently, it was proven that a third genera-
tion SOFC (Fig. 1) cell with a metallic mechanical support on which
a thin layer of active material is deposited, would make possible to
reach acceptable cost ranges. Indeed, the quantity of the ceramic
materials, which is the cost-determining factor, has been reduced
to the minimum. Resistance to mechanical breakdown induced by
thermal cycles is improved by their good mechanical properties
and the uniform distribution of temperature. The mechanical
support is hence easier to weld or to connect [1–4].
Currently, one of the main challenges is to develop a metallic
support with a controlled porosity, which means the possibility to
adjust the pore size and porosity range. The issue is to maintain the
substrates at sufficient porosity during co-firing and working of the
cell for the feeding of fuel. On the other hand, the pores’ size has to
be adjusted in order to allow the deposition of the other elements
of the single cell (e.g. the anode). This paper proposes a study of the
feasibility of the adjustment of the porosity in iron, cobalt and
nickel compacts. The final objective will be to prepare chemically
stable alloys (such as Ni–Co, Fe–Ni–Co) under SOFC harsh working
conditions. For instance, previous studies reported the develop-
ment with commercial alloys and the evaluation of porous ferritic
steels as CroFer22 APU for the same application [5,6]: the porosities
were increasing from 30% [5] to 50% [5,6], with very large particles
sizes (from 32 to 45 mm [5]) and large pores sizes (from 20 to 50 mm
[6]).
The process proposed in our work offers two advantages:
chromium free metal supports can be elaborated, and it is possible
to adjust the proportion of porosity and the pore size. The process
consists of two main steps: the elaboration of metal powders with
a specific coralline morphology, followed by the uniaxial compac-
tion of these powders. The metal powders elaboration is based on
the thermal decomposition of precipitated oxalic precursors with
well-controlled morphology in pure hydrogen [7–11]. It has been
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shown that an acicular shape of the oxalate particles induces, after
reduction into metal, an entanglement of the elementary grains,
giving rise to a coralline shape [8,9]. It is assumed that this specific
morphology, characterized by a high shape irregularity, a strong
surface roughness and also an important three-dimensional open
porosity, results in a great overlapping of the adjacent filamentous
grains during the compaction. Therefore, a rigid metallic skeleton
was formedat lowcompactionpressures [10,11]. Other recent studies
highlighted the importance of themetallic particles morphology and
compaction pressure in reported results in the preparation of porous
nickel membranes for the separation of ultrafine particles from gas
[12–14]. Other methods such as the sinter/slurry (dispersion of the
nickel grains in an organic binder) gave rise to porous nickel plaques
for electrical backbones of electrode batteries [15], by using nickel
powders with a branched chain or ‘‘filamentary’’ morphology
obtained from nickel carbonyl decomposition [16].
The different steps of the process (from the preparation of the
oxalate precursors to the sintering of the compacts at 800 C in
order to improve their mechanical strength) are presented here and
results are discussed.
2. Experimental
2.1. Elaboration
2.1.1. Oxalate powders
Metallic salts FeSO4$7H2O (Prolabo, 99.5%), NiCl2$6H2O (Pro-
labo, 98.0%) and CoCl2$6H2O (Prolabo, 99.0%) were used for the
synthesis of iron, nickel and cobalt oxalates precursors, respec-
tively. The salt was dissolved in a hydro-alcoholic medium and
slowly added to an acidified alcoholic solution of H2C2O4$2H2O.
The chemical parameters used for each synthesis are reported in
Table 1. The precipitated oxalates were separated by filtration after
15 min and 1 h of aging for iron or cobalt and nickel, respectively.
After washing with deionised water, and drying out at 80 C, the
three-oxalate powders were finally deagglomerated through
a 250 mm sieve. The precipitation yields were around 80%.
2.1.2. Metallic powders and compacts
The nickel oxalate powder was reduced under dry hydrogen at
410 C for 2 h, and the iron and cobalt oxalate powders were
reduced under dry hydrogen at 520 C for 2 h. During the thermal
treatment, the oxalates MeC2O4$2H2Owere heated at 150 C for 3 h
before reaching the final temperatures (410 or 520 C) to ensure
complete dehydration of the powders (with a weight loss of about
20% corresponding to the departure of two constitution water
molecules). The so obtained metal powders were deagglomerated
through a 250 mm sieve.
The metallic powders were further compacted at 20 C under
uniaxial pressure without the addition of binder to the powders.
The iron powder was compacted under 20, 30, 50 or 100 MPa, the
nickel powder under 100 MPa and the cobalt powder under 30 or
100 MPa. Cylindrical pellets have been prepared: their green
diameter was equal to 10 mm, and their green thickness was
about 1 mm. Larger pellets were necessary in order to perform
Table 1
Chemical parameters used for the synthesis of metal oxalate powders.
Prepared
powder
Metal
salt
Oxalate
salt
Addition
flow (L h1)
FeC2O4$2H2O FeSO4$7H2O
(1.0 mol L1)
H2C2O4$2H2O
(0.2 mol L1)
0.4
NiC2O4$2H2O NiCl2$6H2O
(0.5 mol L1)
H2C2O4$2H2O
(0.2 mol L1)
1.2
CoC2O4$2H2O CoCl2$6H2O
(1.0 mol L1)
H2C2O4$2H2O
(1.3 mol L1)
1.4
Fig. 1. Third generation SOFC planar cell configuration.
Fig. 2. Micrographs of the metal oxalate precursors: FeC2O4$2H2O (a), NiC2O4$2H2O
(b) and CoC2O4$2H2O oxalate (c).
permeance and Hg-porosimetry measurements: for these
measurements, pellets with a green diameter and thickness of
20 mm and about 2 mm, respectively, were prepared for these
characterizations. All the so made pellets have been sintered at
800 C under hydrogen for 1 h.
2.2. Characterization
In order to determine the purity of the metal powders, ther-
mogravimetric (TGA) analyses were carried out on a Setaram TG-
DTA 92 microbalance with 20 mg of sample and alumina as
reference.
Phase detection of the oxalates and metal powders was carried
out by XRD analysis with a Brucker D4 Endeavor diffractometer
using a Cu Ka radiation source (Ka¼ 0.15418 nm).
Scanning electron microscopy (SEM) was used for morpholog-
ical and microstructural investigation (JEOL JSM 6400, 20 kV
accelerating voltage).
Fig. 3. Micrographs of the metallic powders after reduction under hydrogen: iron
powder reduced at 520 C (a), nickel powder reduced at 410 C (b) and cobalt powder
reduced at 520 C (c).
Fig. 4. X-ray diffraction patterns of iron powder reduced at 520 C (a), nickel powder
reduced at 410 C (b) and cobalt powder reduced at 520 C (c).
Table 2
Porosity of green metal compacts and of sintered metal compacts, and sintering
behaviour of iron, nickel and cobalt pellets (green diameter¼ 10 mm) compacted
under several uniaxial pressures.
Metal Pc
(MPa)
Green
porosity (%)
Porosity
after sintering (%)
Volume
variations (%)
Fe 20 77 50 53
30 73 46 51
50 65 37 47
100 53 25 39
Ni 100 56 44 26
Co 30 81 49 63
100 60 20 49
The specific surface areas of the powders were measured by
Brunnauer, Emmet and Teller (BET) method using N2 adsorption at
liquid N2 temperature (1 point, analyzer Micromeritics DeSorb
2300A, USA).
The apparent density of the pellets was determined by
geometrical measurements. The relative density of the pellets was
obtained by considering the theoretical density values equal to 7.87
for iron metal, 8.91 for nickel metal and 8.90 for cobalt metal. The
porosity values were deduced from the relative density values. Hg
porosimetry (Micromeritics, Autopore IV 9500) has also been per-
formed. The permeation of the pellets was measured with
a permeation cell set up specifically designed for enabling
membrane processing under high pressure (up to 10 bars) feed gas
(N2) at room temperature.
3. Results and discussion
3.1. Oxalate powders
X-ray diffraction patterns of the three oxalate powders revealed
the diffraction peaks of the metastable form b of MeC2O4$2H2O
(Me¼ Fe, Ni or Co) [17–19].
The morphology of the oxalates powders (Fig. 2) is clearly
acicular in the case of iron and cobalt oxalates (Fig. 2a and c). The
iron oxalate powder FeC2O4$2H2O (Fig. 2a) is homogeneous in size
and shape: the average length and diameter of the particles are
approximately 7 mm and 1 mm, respectively. The cobalt oxalate
powder CoC2O4$2H2O (Fig. 2c) is less homogeneous in size than
iron oxalate. The particles tend to join together to form bundles,
with length rising from 10 to 20 mm. The nickel oxalate powder
NiC2O4$2H2O (Fig. 2b) consists of very agglomerated submicronic
needles.
3.2. Metal powders
The reduction temperatures have been optimized for each
metal: the temperature must be high enough to allow the total
decomposition of oxalates tometals, but not too high to prevent the
sintering of the powders and to keep the intragranular porosity of
the particles.
Micrographs of the reduced metals powders are presented on
Fig. 3. In all cases, the entanglement of the original acicular oxalate
particles during the thermal decomposition led to a coralline
morphology of the corresponding metal particles. The partial sin-
tering of the primary grains led to the formation of highly porous
agglomerates (iron: 20–30 mm, Fig. 3a; nickel: 40–50 mm, Fig. 3b;
cobalt: 10–20 mm, Fig. 3c). The specific surface area of the metal
powders is equal to 0.5, 1.0 and 0.6 m2 g1 for the iron, nickel and
cobalt powders, respectively.
X-ray diffraction patterns (Fig. 4) show that the oxalate
precursor powders have been fully decomposed into metals. The
iron powder (Fig. 4a) is alpha-type, with body centered cubic
symmetry. Nickel and cobalt powders (Fig. 4b and c) are gamma-
type with face centered cubic symmetry.
A little amount of the metal powders might be oxidized due to
contact in air after the decomposition process under H2 when the
powders are removed from the thermal reactor. So the metal
contents of iron and nickel powders have been determined by TGA
Fig. 5. Micrographs of the surface of a green iron pellet compacted under 20 MPa (a)
and that of the same pellet after sintering at 800 C under hydrogen (b).
Fig. 6. Micrographs of the surface of a green iron pellet compacted under 100 MPa (a)
and that of the same pellet after sintering at 800 C under hydrogen (b).
analysis in air at 800 C. The aim was to fully oxidize the iron and
nickel powders into Fe2O3 and NiO, respectively, as follows:
ð1LxÞFeDxFe3O4D ð3=4L1=2xÞO2/ ð1=2DxÞFe2O3
ð1LxÞNiDxNiOD ð1=2L1=2xÞO2/NiO
Henceforth, the powders content of metal have been evaluated
to 96.0 wt% and 98.0 wt% for the iron and nickel powders,
respectively.
Contrary to the nickel and the iron powders, it is not possible to
determine the cobalt purity by oxidation in air of themetal powder:
indeed, the cobalt oxide CoO formed during the oxidation process
gave a very compact protective layer surrounding the cobalt grains,
avoiding the full oxidation of the metal core of the particles.
Therefore it was necessary to perform TGA under H2 to fully reduce
the oxide to its metal:
ð1LxÞCoDxCoODxH2/CoDxH2O
The purity of the metal cobalt powder was thus evaluated to
99.0 wt%.
3.3. Metal compacts
Owing to the great compaction abilities of the metal powders,
several uniaxial low compaction pressures have been performed in
order to achieve coherent green compacts as porous as possible.
The purpose of the heat treatment at 800 C under H2 was to
increase themechanical properties of the green pellets by initiating
a partial sintering of the primary grains (creation of grain bound-
aries in keeping a porosity value high enough for the SOFC appli-
cation). It was found that there is a correlation between the
compaction pressure of the green pellets and the residual porosity
measured after the heat treatment at 800 C. Table 2 reports the
porosity values and volume variations before and after the heat
treatment. Figs. 5–9 present micrographs of the surfaces of iron,
nickel and cobalt pellets compacted under several low compaction
pressures (green and sintered pellets).
The compaction behaviour of the pellets depends on the
morphology of the metal powders. The green strength of nickel
pellets prepared with pressures lower than 100 MPa is too low to
allow handling. This may be due to the morphology of the nickel
powder, which is much less airy than the iron and cobalt ones
(Fig. 3): consequently, the mechanical interlocking of adjacent
primary grains is less favoured during the compaction. Hence only
this compaction pressure has been studied for Ni. The iron and
cobalt pellets have been prepared by using a large range of
compaction pressures. It must be emphasized that both the iron
pellet pressed under 20 MPa (77% porous, Fig. 5a) and the cobalt
pellet pressed under 30 MPa (81% porous, Fig. 8a) present
mechanical resistances high enough to allow handling. Further-
more, an iron pellet with diameter equal to 120 mm and thickness
about 3 mm has been pressed under 30 MPa and presents a green
porosity about 67%, showing the possibility to transpose the
process to higher dimensions suitable for application in a complete
SOFC single cell (Fig. 10).
According to the volume variations of the pellets during the heat
treatment, the nature of the metal has a great influence on the
Fig. 7. Micrographs of the surface of a green nickel pellet compacted under 100 MPa
(a) and that of the same pellet after sintering at 800 C under hydrogen (b).
Fig. 8. Micrographs of the surface of a green cobalt pellet compacted under 30 MPa (a)
and that of the same pellet after sintering at 800 C under hydrogen (b).
sintering behaviour. As shown, the nickel pellet pressed under
100 MPa (Fig. 7a) has a green porosity equivalent to the green
porosities of the iron (Fig. 6a) and cobalt (Fig. 9a) pellets prepared
in the same conditions (56% vs. 53% and 60%, respectively).
However, the shrinkage after heat treatment at 800 C is much
lower for the nickel pellets than that for the iron and cobalt ones. So
the sintering ability of the nickel is lower than for the iron, which is
slightly lower than for the cobalt. This has been confirmed by the
micrographs of the surface of the iron, nickel and cobalt pellets
pressed under 100 MPa and sintered at 800 C (Fig. 6b, Fig. 7b,
Fig. 9b, respectively). In summary, iron and cobalt pellets with
porosity varying on a large range (from 20 to 50%) can be prepared
by controlling the uniaxial compaction pressure. The nickel pellets
pressed under 100 MPa also exhibited a relatively high porosity
after sintering (higher than 40%), which might be substantial for
SOFC application.
Green pellets with green diameter equal to 20 mm were
prepared in order to carry out further microstructural investiga-
tions as permeance and Hg-porosimetry measurements (Figs. 11
and 12 and Table 3). Iron pellets were compacted under 20 and
100 MPa, cobalt pellets under 30 and 100 MPa and a nickel pellet
under 100 MPa. There is a good agreement between the values of
porosity determined by geometrical measurements and the values
of porosity measured by Hg porosimetry (Table 3). This indicates
a complete open porosity of the pellets. Furthermore, theFig. 9. Micrographs of the surface of a green cobalt pellet compacted under 100 MPa
(a) and that of the same pellet after sintering at 800 C under hydrogen (b).
Fig. 10. Photograph of a green iron pellet pressed under 30 MPa, diameter¼ 120 mm;
green porosity¼ 67%.
Fig. 11. Permeance behaviour of metal pellets with various porosities.
Fig. 12. Hg-porosimetry measurements carried out on metal pellets with various
porosities: pores volume vs. pores radius (a) and pores distribution vs. pores radius (b).
permeance results are coherent with the porosity values (Fig. 11):
themore porous the pellets are, the higher is the gas flowacross the
pellet. The less porous pellets show very poor permeation behav-
iour, indicating that samples with porosity around 20% are worse
candidates for SOFC applications.
The pore size measurements (Fig. 12, Table 3) show that the
mean pore size and the pore volume decrease when the porosity of
the pellets decreases. In every case, single dispersion of the pore
sizes is observed (Fig. 12b). The mean pore size of the 35% porous
cobalt pellet is very close to the pore sizes of the 40% porous iron
pellet and of the 41% porous nickel pellet, but the permeation
behaviour is worse (Fig. 11). The interconnected porosity of the
cobalt pellet might be more tortuous than that of the iron and
nickel pellets, resulting in less efficient gas flow across the pellet.
At this point, the metal compacts exhibit several of the char-
acteristics required for an application as a metal support in a SOFC.
A compromise could be found between the pores size and
morphology to allow fuel supplying in avoiding the infiltration of
anodic material efficiently. Furthermore, the resistance to corrosion
in several atmospheres is another important point: the study per-
formed here must be considered as a first approach to further work
that will deal with the elaboration of metallic alloys presenting
higher resistance to corrosion and the ability to adjust thermal
expansion.
4. Conclusion
High purity iron, nickel and cobalt powders have been synthe-
sized by thermal decomposition under H2 from oxalate precursors.
The acicular oxalate precursors led to metal grains with coralline
morphology and high intragranular porosity. High porosity green
pellets were prepared by uniaxial compaction. Further heat treat-
ment at 800 C under H2 increased their mechanical strength
and kept porosity values high. The compaction behaviours of
the iron and cobalt pellets were very close: in both cases, a large
range of green porosities was obtained by varying the compaction
pressure (e.g. green porosity rising from 60 to 80% in the case
of cobalt pellets), constantly yielding pellets which were easy
to handle, whereas the nickel pellets had to be compacted
under a minimum pressure of about 100 MPa to allow handling
(green porosity equal to 56%). Furthermore, the iron and cobalt
pellets presented similar sintering behaviours with high shrinkage,
whereas the nickel pellets dimensions varied much less during
the heat treatment at 800 C under H2. However, pellets with
high porosity values have been obtained with the three metals
studied here (porosities close to 50% for the most porous pellets of
each metal).
The characterization of the permeance of the porous pellets
showed that porosities higher than 35% are high enough to allow
sufficient gas flow to feed a SOFC single cell in hydrogen. Contrary
to the trends observed for the compaction and sintering behav-
iours, similarities have been observed for the porous structure
(pore size, tortuosity) of iron and nickel pellets, with very efficient
gas flow across 40% porous pellets, whereas the porosity of a 35%
porous cobalt pellet appeared to be more tortuous, offering more
indirect pathways for gas flow throughout the sample.
The process reported here has been used in order to prepare
porous compacts with three single metals. It can be further applied
to a wide variety of other metals or alloys (for instance Ni–Co, Fe–
Ni–Co), thus rendering it as a very promising method to develop
highly porous alloys for metallic interconnects in SOFC systems.
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Table 3
Results of Hg-porosimetry measurements on iron, nickel and cobalt pellets (green
diameter¼ 20 mm) compacted under several uniaxial pressures.
Metal Pc
(MPa)
Geometrical
green porosity
(%)
Geometrical
porosity after
sintering (%)
Porosity after
sintering measured
by Hg porosimetry (%)
Mean pore
size (mm)
Fe 20 73 40 40 1.9
100 53 23 20 1.0
Ni 100 58 41 39 1.7
Co 30 76 35 33 1.7
100 59 19 20 0.9
